Tissue biopsy and swab culture are the gold standards for diagnosing tissue infection; these tests require significant time, diagnostic costs, and resources. Towards earlier and specific diagnosis of infection, a non-destructive, rapid, and mobile detection device is described to distinguish bacterial species via light scatter spectra from the surface of an infected tissue, reagent-free. Porcine skin and human cadaveric skin models of wound infection were used with a 650 nm LED and an angular photodiode array to detect bacterial infections on the tissue surface, which can easily be translated to a typical CMOS array or smartphone. Tissue samples were inoculated with Escherichia coli, Salmonella Typhimurium, or Staphylococcus aureus and backscatter was collected from 100° to 170° in 10° increments; each bacterial species resulted in unique Mie scatter spectra. Distinct Mie scatter spectra were obtained from epidermis (intact skin model) and dermis (wound model) samples, as well as from porcine and human cadaveric skin samples. Interactions between bacterial colonies and lipid particles within dermis samples generated a characteristic Mie scatter spectrum, while the lipid itself did not contribute to such characteristic spectrum as corroborated with body lotion experiments. The designed angular photodiode array is able to immediately and non-destructively detect tissue bacterial infection and identify the species of infection within three seconds, which could greatly improve point of care diagnostics and antibiotic treatments.
INTRODUCTION
Anytime the surface of the skin is broken, there is risk of infection. Generally, if not noticed and treated quickly, infection delays healing time and increases risk of complications, especially among diabetic, elderly, or traumatic burn victim patients. Early diagnosis of an infection leads to early treatment and, therefore, better prognosis for the patient, decreasing the risk of wound infection becoming limb or life threatening 1, 2, 3 . It is estimated that care for chronic wounds carries an economic burden of $6-$15 billion annually in the United States (US) alone; infection on a chronic wound significantly increases the cost of care 4 , and some studies even suggest that the cost in the US is truly as high at $25 billion annually 5 .
Antibiotic treatment differs based on the bacterial species infecting a wound and severity of the wound 2 . Currently, wound infection is initially suspected based on visual changes to a wound, such as redness caused by inflammatory responses of a patient. However, these visual changes are difficult to distinguish in a chronic wound, as severe inflammation exists independent of bacterial infection 2, 6 . To diagnose infection, the wound must be biopsied or swabbed followed by culture and subsequent stain of these samples (e.g., Gram stain), which typically takes a day or two; diagnosis is therefore, an invasive, painful, and time consuming process that can only be carried out in an expensive laboratory environment 1, 3, 6, 7 . Further, studies have indicated that while pain is a good indicator of infection, lack of pain is not a good indicator of lack of infection, making early signs of infection difficult to distinguish 7 . During the lengthy procedure to specifically diagnose wound infection, patients are often prescribed broad-spectrum antibiotics, which are known to contribute to antibiotic resistance. Early and specific diagnosis of wound infection prevents unnecessary use of broad-spectrum antibiotics and can prevent complications in treatment due to polymicrobial colonization of a wound Risk of wound infection is high across a diverse patient population. Compromised microvasculature causes poor immune response and delayed healing in diabetic patients, leading to high rates of diabetic foot ulcer (DFU) infections, most commonly Staphylococcus aureus and Escherichia coli 2 . In the US alone, 29.1 million people suffer from diabetes, of which 15% suffer from chronic DFU; DFU is the primary reason for non-traumatic limb amputations in the US with an estimated 15-20% of DFU leading to lower extremity amputations 8, 9 . Chronic infection of DFU and related complications increase the instance of amputation to 28-96% 10, 11 . Decline of the innate and adaptive immune systems in elderly population results in elderly patients experiencing delayed wound healing and increased risk for infection 12 .
There is obvious concern that problems associated with age will only multiply as the population ages, with risk of wound infection being no exception. Gram-negative infections, namely E. coli, predominate in burn wounds and are a major determinant of morbidity and mortality; burn wound infections often result in sepsis, which ultimately causes 75% of post-burn deaths 13, 14 . In cases where burns are sustained, inflammation and immune suppression are associated with the initial injury, meaning diagnosis is increasingly more challenging in these patients 13 . It is estimated that 2-5% of surgeries result in surgical site infection (SSI), a major complication that is key in morbidity, mortality, and need for corrective surgery 15, 16 . In surgical patients, as well as lacerations in general, location of the wound has been shown to correlate to rate of infection, so monitoring incisions and lacerations at susceptible location closely could improve prognosis and decrease the economic burden of infection 16, 17 . It is clear that many diverse populations of patients are in need of a diagnostic method for wound infection that is significantly faster and reliable.
A faster and more affordable approach to infection diagnosis is necessary to reduce health care costs, decrease time to treatment, and increase efficacy of treatment across a wide variety of populations. A mobile diagnostic device is essential to warn patients of infection early, despite visual and physical markers of infection being difficult to distinguish. Mobile monitoring of a wound would allow early notification of infection to a patient and a physician to allow early treatment and, therefore, improved efficacy of treatment, prognosis, and quality of life. Rapid optical analysis of a wound surface eliminates the need for any reagents, lengthy assay times, tedious sample handling, and the need for access to skilled technicians in a laboratory.
In this work, we utilize Mie scatter spectra to directly detect wound infection from animal and human skin models. Mie scatter is dependent on particle size, morphology, refractive index, and concentration. Changes in these factors due to bacterial growth and interactions with tissue components, especially lipids, result in changes in scatter patterns across a variety of angles 18 . Our device takes advantage of changes in Mie scatter patterns based on these factors. In this work, we utilize Mie scatter spectra collected from various wound models, of both porcine and human skin, to rapidly detect bacterial infections on tissue surfaces and determine the bacterial species responsible for the infection. Unlike other biosensing techniques, such as the use of Mie scatter to detect bacterial presence through particle immunoagglutination 19, 20 , this method does not require sample processing, additional reagents, or bioreceptor use, which eliminates time and labor for lengthy reagent and sample preparation.
Several studies have reported the use of Mie scatter imaging to identify bacteria grown on agar plates, but not directly from a wound or tissue. Our technique uses back scatter spectra from a tissue surface, unlike Mie scatter imaging which uses forward scatter images through colonies to identify patterns 21 . Mie scatter imaging systems, often referred to as BARDOT systems, require bacteria to be cultured on before identification of bacterial species, as BARDOT systems are used to identify fully developed cultures on an optically transparent substrate 22, 23, 24 . The system designed here does not require the additional steps of culturing a wound sample to determine the presence or cause of bacterial infection. The technique described in this work differs in that rather than detecting forward scatter through agar, backscatter is detected from a tissue surface, meaning that culture of a suspected bacterial infection is not necessary, eliminating significant sample processing time and expenses.
Towards this goal, a custom stage was developed to monitor Mie backscatter from a tissue surface using a 650 nm LED. Mie scatter is detected at 10° increments from 100° to 170°. Our novel device is capable of detecting infection on a tissue surface and the bacterial species responsible within three seconds, without physically contacting a sample, and without using any reagents such as stain, antibody, or nucleic acid. Scale up of our device would allow a patient to simply scan a wound to determine if an infection is present, and if so, the species of the infection.
Our goal was to develop a miniature prototype of such a device for rapid and mobile diagnosis of an infected wound, as well as to determine the ability to differentiate species of bacterial infection.
MATERIALS AND METHODS

Study design
Study groups in this controlled laboratory experiment include Escherichia coli, Salmonella Typhimurium, Staphylococcus aureus, and a control of sterile LB-Miller medium on four surfaces; LB-Miller agar, porcine dermis, porcine epidermis, human cadaveric epidermis. Mie scatter spectra were collected using a custom angular photodiode array at 10° increments from 100° to 170° (details of this device are discussed in section 2.5). Each sample was analyzed at three separate locations for a representative collection of scatter from an entire surface. Samples were randomly assigned an inoculum and researchers were not blinded.
Bacteria solutions
Escherichia coli K12 (Sigma-Aldrich, St. Louis, MO, USA), Salmonella Typhimurium (ZeptoMetrix, Buffalo, NY, USA), and Staphylococcus aureus (ZeptoMetrix, Buffalo, NY, USA) were all individually cultured in lysogeny broth (LB) Miller's formula (Molecular Biologicals International Inc, Irvine, CA, USA) at 37°C for 8 hours. Cultures were plated on LB-Miller agar plates (BIO5 Media Facility, Tucson, AZ, USA) by uniformly spreading 100 µL of a bacteria culture across the surface. Cultured agar was cut to approximately 1.5 cm by 5 cm and placed on microscope slides with care taken to avoid disrupting the surface of the agar. Pure bacteria cultures on agar were analyzed using the photodiode array described below.
Tissue sample preparation: porcine skin
Porcine skin (University of Arizona Food Products and Safety Laboratory, Tucson, AZ, USA) was acquired immediately following slaughter. Hair was shaved from the skin surface, samples were randomly divided into two experimental groups; exposed porcine epidermis and porcine dermis. The porcine epidermis experimental group was not further processed. The porcine dermis experimental group was further processed by mechanically dissecting the epidermis, exposing the dermis of the skin (Fig. 2) . Samples in both groups were cut into approximately 1.5 cm by 5 cm rectangles and inoculated with 150 µL of either E. coli, S. Typhimurium, S. aureus, or sterile LB-Miller medium, all of which were spread evenly across the surface of the skin with an inoculating needle. Samples were sealed with Parafilm M (Bemis Flexible Packaging, Oshkosh, WI, USA) and incubated for 8 hours to allow bacterial growth on the sample.
Rather than bacterial inoculation, alternative porcine dermis samples were coated with body lotion (St. Ives Skin Renewing Collagen Elastin, Unilever, Englewood Cliffs, NJ, USA), a common skin contaminant. Preparation and analysis of lotion coated skin samples was identical to that of bacteria inoculated samples, with the exception of inoculum.
Tissue sample preparation: human cadaveric skin
Human cadaveric skin was acquired from the ankle region. Cadaveric skin samples were prepared into identical samples as porcine skin. The epidermis remained intact for all samples due to frailty of the skin. Samples were allowed to rest for 15 minutes at room temperature following inoculation of 150 µL of each bacteria culture before analysis.
Mie scatter detector
Directly following incubation of tissues, samples were placed on a standard microscope slide with care taken to not disrupt the surface of the skin. A 3D printed stage held the microscope slide in a fitted channel to be analyzed by a custom photodiode array. A 650 nm red LED light source was placed perpendicular to the surface of the sample with PIN photodiodes detecting scatter off of the tissue sample at 10° increments from 100° to 170° relative to the tissue surface (Fig. 1a) . All photodiodes were used in photovoltaic mode and connected to LM324 quad op-amps to amplify current outputs. Amplified signals were sent to the analog inputs of an Arduino Mega 2560 microcontroller, providing an angular spectrum. Each tissue sample was analyzed at three different locations. Photodiode readings were collected every 250 ms and averaged over three seconds (12 data points per each angle). For each sample, photodiode readings were averaged at each angle, and standard error was calculated over three different tissue locations of multiple samples for the purpose of error bars.
As a control experiment, tissue samples were stamped on LB-Miller agar (BIO5 Media Facility) by inverting the tissue sample, pressing the inoculated surface against the surface of the agar briefly, and incubating the agar plates for 8 hours at 37°C. Agar stamps were cut the stamped portion and placing it on a microscope slide with care taken to avoid disrupting the surface of the agar followed by analysis using the designed array. 
Mie scatter simulation
Mie scatter simulations were carried out using MiePlot v4.2.11. For lipids, the following parameters were used 18 : particle radius = 10 µm, refractive index = 1.46, refractive index of medium (water) = 1.33, wavelength = 650 nm, and size distribution was assumed to follow a normal distribution with 10% standard deviation. For individual E. coli, the following parameters were used 18, 19 : particle radius = 2.5 µm (hydrodynamic dimensions of 5 µm x 1 µm), refractive index = 1.40, refractive index of medium (water) = 1.33, wavelength = 650 nm, and size distribution was assumed to follow a normal distribution with 10% standard deviation. To determine the appropriate light source for the device, simulations were conducted based on E. coli, varying only wavelength of the light source from 475 nm to 1400 nm.
RESULTS
Device design
Final device design is shown in Figure 1a . A semi-circle angular array was 3D printed with insertion points for an LED, perpendicular to the tissue surface, and PIN photodiodes, at 10° increments from 100° to 170°. The array was attached to a 3D stage, designed to fit a standard microscope slide, in a manner that would allow adjustment of array height relative to the stage. Array height was adjusted prior to each measurement, so the array was level with the surface of a tissue sample.
Light source selection
Following Mie scatter simulations (MiePlot v4.2.11) a 650 nm red LED was used as a sole light source. Mie scatter simulations were performed for E. coli (radius = 2.5 µm, normal size distribution with 10% standard deviation, refractive index = 1.40, refractive index of medium = 1.33) at wavelengths of 475 nm, 520 nm, 650 nm, 750 nm, 1000 nm, and 1400 nm (Fig. 1b) . Wavelengths in the ultraviolet (UV) range were not considered due to their bactericidal capability and dangers of UV exposure to human skin and wound. Side scatter results in large variability in data collected at 100° and 110°, due to the presence of hair follicles and imperfections in the topography of tissue samples. Major peaks of E. coli scattering were identified for the above wavelengths of light source through Mie scattering simulations. Light sources at 475 nm and 520 nm were not considered due to the major peaks of 110.9° and 111.1°, respectively. NIR wavelengths (750 nm, 1000 nm, and 1400 nm) were also ruled out due to low intensity major peaks and that the eventual goal of translation to smartphone would require an additional NIR light source. A 650 nm LED light source was selected based on a high intensity major peak at 119.9°, which avoids variability at low angles of detection, the designed device is able to detect this peak with a detector at 120°. Figure 1c shows expected Mie scatter patterns for E. coli at this wavelength as well as for lipid particles, which are critical in the dermis layer of tissue.
Sample preparation
Porcine skin was collected immediately following sacrifice and human cadaveric skin was collected following a period of deep freeze. Hair was shaved from the skin surface to successfully expose intact epidermis of porcine skin and human cadaveric skin. Mechanical dissection of the epidermis exposed the dermis of porcine skin, successful dissection was validated via light microscopy. Similar mechanical dissection of the epidermis was not possible with human cadaveric skin, limiting the human cadaveric skin experiments to epidermal infection case. Procedure and exposure of epidermis and dermis layers are shown in Figure 2 with the expected interactions of each tissue layer with inoculated bacteria. Figure 2 . Skin treatment. Hair was shaved off of porcine skin, exposing the epidermis. Exposed epidermis was either divided into experimental groups and inoculated, or mechanically dissected away, exposing the dermis. Samples with dermis exposed were divided into experimental groups and inoculated. Schematic diagrams show the expected distribution of bacteria on each tissue surface as well as differences in size and shape between bacterial species tested. The epidermis layer does not contain exposed lipid particles, so bacteria will grow even across the surface. The dermis layer does contain exposed lipid particles, it is know that bacteria aggregate around these particles, forming pseudo-colonies.
Bacteria on agar
As controls, bacteria grown on agar plates were tested using the designed photodiode array shown in Figure 1a . Significant differences were detected between Mie scatter spectra of three bacterial species grown on LB-Miller agar despite no obvious visual differences between cultures on agar (Fig. 3) . A single peak is observed at 120° for all bacterial species, but differences in intensity are obvious between the three species analyzed, despite identical concentrations of each culture (10 8 CFU/mL, confirmed by colony counting). Obtained data correlates with the expected 120° peak based on Mie scatter simulations for E. coli (Fig. 1c) . 
Bacteria on porcine epidermis
Bacteria grown on porcine epidermis resulted in a similar trend to that of bacteria grown on agar, with the exception that the major peak is shifted to 130° and normalization to porcine epidermis inoculated with sterile LB-Miller medium inverts to a minimum (Fig. 4a) . Peak inversion can be explained by the reflective nature of porcine epidermis samples, presumably because the porcine samples were acquired and processed right after subjects were sacrificed (i.e. within hours). Light scatter from bacterial colonies and lipid particles negatively contributed to such reflection, thus the normalized spectra were inverted. No such inversion was found for porcine dermis (no reflection -essentially exposed tissue), human cadaveric epidermis (aged for years), or agar (optically transparent). Interactions with compounds in the skin are believed to cause the shift in angle of the peak between agar and porcine epidermis. Though the peak shifts to 130°, this is within the range of the expected peak based on Mie scatter simulations shown in Figure 1c .
Bacteria on porcine dermis
Bacteria were grown on porcine dermis, simulating the infection on an actual wound. Each bacterial species maintains a unique and distinguishable trend (Fig. 4b) , despite no obvious visual differences between inoculated samples, but that these trends are more complex than the single major peak of the pure cultures and porcine epidermis. All spectra collected from inoculated porcine dermis are normalized to that of porcine dermis inoculated with sterile LB-Miller medium. Mie scatter simulations result in expected pattern difference between lipid particles and individual bacterium (Fig. 1c) . The lipid particles show negligible scattering at low scatter angles, a rapid increase over 130°-150°, and a saturation at high scatter angles, while E. coli particles show a single peak around 120°. Lipid particles are present in the dermis layer; bacteria have been shown, previously, to aggregate around these lipid particles, as shown in Figure 2 , resulting in a complex trend unique to the infected dermis. The spectra of bacteria on porcine dermis seem to be a combination of both lipid and E. coli particles -the rapid increase is shifted to low scatter angle (100°-120°) presumably due to the 120° peak of E. coli. It should also be noted that Staphylococcus aureus spectra are substantially different from those of E. coli and Salmonella Typhimurium, on both epidermis and dermis (Fig. 4) . Reproducibility was shown through repeated experiments on porcine dermis from the same individual. 
Skin contaminants on porcine dermis
Exposed porcine dermis was coated in body lotion, a common lipid based skin contaminant. No significant difference between control samples and lotion-coated samples was detected (Fig. 5 ).
Bacteria on human cadaveric epidermis
Human cadaveric skin inoculated with bacteria resulted in major peaks at 130° and 170° (Fig. 6) . The major peaks observed on human cadaveric epidermis are highly similar those observed on porcine epidermis, on agar plates, and through Mie scatter simulations. The major peak at 130° is remarkably similar to data in Figure 4a collected from porcine epidermis, while the peak at 170° is a unique characteristics for human skin. 
DISCUSSION
Bacteria-lipid aggregates
Our lab has previously demonstrated that E. coli aggregate around lipid particles in ground beef and this aggregation changes Mie scatter patterns in a concentration dependent manner 18 . It is believed that this aggregation is also occurring when bacteria are inoculated on the surface of porcine dermis used in this study, while the shape and morphology of such aggregation is quite different from the case of ground beef (Fig. 2) . In wound infection, bacteria grow within damaged/exposed dermis for a long period of time, while our previous work detects the microbial spoilage or contamination that happens for quite a short period of time. The resulting Mie scatter spectra from bacteria on porcine dermis are therefore quite different from those from ground beef. The Mie scatter spectra on the epidermal surface of both porcine and human cadaveric skin are more similar to those observed from bacteria on agar. The dermis provides lipid "particles" for the bacteria to aggregate around, while agar and epidermis do not provide substantial amounts of lipid "particles" (Fig. 2) . The device designed can distinguish between bacteria on either dermis or epidermis, so it is able to successfully detect differences in the growth patterns of the bacteria on various wound surfaces.
Identification of specific bacterial species
Cultures of individual bacterial species were inoculated on porcine and human cadaveric skin samples to mimic infection. Sterilized LB-Miller medium was used, to directly compare to the bacteria cultures grown in the same broth. Porcine dermis was exposed to mimic the exposure of the dermis in a wound environment. All bacteria cultures were grown to maximum concentration (10 8 CFU/mL), where this concentration was determined through serial dilution and plate counts. A unique trend can be detected between each bacterial species used in this study, showing that rapid identification based on Mie scatter is possible in wound infection. The trends of gram-negative bacillus bacteria (E. coli and S. Typhimurium) are noticeably more similar than that of gram-positive cocci bacteria (S. aureus). The size and shape of individual bacterium determine Mie scatter spectra, so it would be expected that bacteria similar in these categories have similar trends. Notable differences between gram-negative bacilli bacterial species and gram-positive cocci bacterial species is critical in a robust wound infection detection system. S. aureus, Pseudomonas aeruginosa, and E. coli are some of the most common pathogens in wound infection, and these bacteria differ in size, shape, and Gram stain.
Verification of bacterial growth after inoculation
To verify that the inoculated bacteria was in fact growing on the tissue surface following inoculation, culture, and analysis, the surface of all samples was stamped on LB-Miller agar and cultured. Bacteria grown from stamping the surface of the tissue on agar was analyzed identically to pure cultures grown on agar. Identical trends between pure bacteria cultures and stamps from tissue surface verified that the inoculated bacteria did grow on the tissue surface as expected (Fig. 7) . Figure 7 . Mie scatter spectra from porcine skin stamps on agar. Following bacterial inoculation and growth on the exposed dermis of porcine skin samples, the skin surface was stamped onto LB-Miller agar and grown to full coverage of the agar surface. Mie scatter from the agar surface was analyzed and normalized identically to pure bacteria cultures on agar. In each case pictures of the agar analyzed are shown, which indicate that there is very little difference that can be detected visually despite differences in Mie scatter.
Translation to clinical use
Unique scatter spectra are detected on a porcine skin model and on human cadaveric skin. Through the use of human cadaveric skin, we have shown that our device is capable of detection of pathogenic bacteria in a human model, and therefore should have the same outcome in a clinical setting. The photodiode array designed in this study could then be modified to simply scan a wound on the body to analyze the presence of an infection in real time. The data in this study was acquired in three seconds, so an immediate analysis could be performed. Translation to a smartphone application would allow for immediate and non-destructive diagnosis of wound infection in a harmless, painless, and contact-free manner at regular time points.
Future impact
The angular photodiode array designed could act as a standalone device or smartphone attachment, with the LED flash filtered to 650 nm to act as the light source. Unlike the previous studies discussed above 22, 23, 24 , where NIR or IR was used as a light source, a simple red color was utilized in this study, potentially enabling the use of smartphone as both a light source and a light detector, as well as providing reduced noise, stronger signal, and less signal conditioning. Converting this technology to be used with a smartphone would allow for remote diagnosis of a bacterial infection anywhere that a smartphone could be accessed. With the technology developed through this work, patients can monitor infection at home and be alerted to seek medical attention as soon as an infection begins. The developed technology could be used in areas where immediate access to a physician is not possible, so infection can be diagnosed before it is able to become limb or life threatening.
Limitations
Variation seen in the presented data is likely due to the presence of commensal bacteria on skin. Skin has high numbers of non-pathogenic bacteria, this system does pick up signals from these commensal bacteria. Variation due to commensal bacteria is reduced in this study by normalizing data to control samples. In a clinical setting, data could be normalized to an area of skin that is not affected by a wound to reduce variation due to natural, healthy bacteria presence.
CONCLUSION
A portable and inexpensive device was successfully designed to diagnose pathogenic bacteria presence in a wound-like environment. Species-specific detection of bacterial infections on tissue samples is possible with the angular photodiode array developed in this study. Bacterial species that are different shapes, sizes, and Gram stain show unique trends across various angles of detection. Information obtained from our device can determine if an infection is present, and, if so, the responsible bacterial species and therefore the best antibiotic treatment. Common skin contaminants have little to no impact on the Mie scatter spectra from tissue samples, which is promising for translation to clinical use.
